We proposed two lanthanide-oxide mixed TiO 2 dielectrics for metal-insulator-metal ͑MIM͒ capacitors using TiO 2 -LaAlO ͑TLAO͒ and TiO 2 -LaYO ͑TLYO͒ dielectrics. For the TLAO dielectric, a high capacitance density of 24 fF/m 2 with a low leakage current of 1.4 ϫ 10 −7 A/cm 2 was obtained. The LaYO and TLYO dielectrics showed very low leakage densities of 4.18 and 6.89 fA/pF V at Ϫ1 V, respectively, which satisfied the International Technology Roadmap for Semiconductors' ͑ITRS͒ goal of Ͻ7 fA/pF V for precision analog capacitors. Although the capacitance-voltage nonlinearities were not yet good enough to satisfy the ITRS requirements, the MIM capacitors have shown improved electrical properties. Therefore, we suggested that the TiO 2 dielectrics with the introduction of LaAlO 3 and LaYO might be promising for MIM capacitors. © 2010 The Electrochemical Society. ͓DOI: 10.1149/1.3439668͔ All rights reserved. The metal-insulator-metal ͑MIM͒ capacitors 1-9 with a low process temperature ͑Յ400°C͒ due to the limitation of backend process have been widely used for applications in radio frequency ͑rf͒, analog, and dynamic random access memory. To achieve the goal of the International Technology Roadmap for Semiconductors ͑ITRS͒, many higher-MIM capacitors ͑ Ͼ 40͒ with higher capacitance densities, such as TiTaO 10 and SrTiO 3 , 11, 12 have been reported but poor leakage current is a problem for capacitance equivalent thickness scaling. This is because increasing the value usually decreases the conduction band offset ͑⌬E C ͒ with respect to the metal electrode.
The metal-insulator-metal ͑MIM͒ capacitors [1] [2] [3] [4] [5] [6] [7] [8] [9] with a low process temperature ͑Յ400°C͒ due to the limitation of backend process have been widely used for applications in radio frequency ͑rf͒, analog, and dynamic random access memory. To achieve the goal of the International Technology Roadmap for Semiconductors ͑ITRS͒, many higher-MIM capacitors ͑ Ͼ 40͒ with higher capacitance densities, such as TiTaO 10 and SrTiO 3 , 11, 12 have been reported but poor leakage current is a problem for capacitance equivalent thickness scaling. This is because increasing the value usually decreases the conduction band offset ͑⌬E C ͒ with respect to the metal electrode.
The reported TiLaO ͑TLO͒ MIM capacitors 13 exhibited a high capacitance density of 24 fF/m 2 , low leakage performance, and small thermal leakage variation due to the very high value of TiO 2 ͑50-80͒ and high conduction band offset ͑⌬E C ͒ of La 2 O 3 . However, it is difficult to control the La 2 O 3 quality during process integration because of its hygroscopic. Thus, the La 2 O 3 films with the introduction of Al 2 O 3 ͑LaAlO 3 ͒ and Y 2 O 3 ͑LaYO͒ to improve the moisture issue have been reported. These La-based ternary oxides as highgate dielectrics not only have a strong moisture resistance but also have bandgap enhancement. LaAlO 3 and LaYO dielectrics have been reported as gate dielectrics, showing good thermal stability 14, 15 and large bandgap ͑5.5-6.2 eV͒. [16] [17] [18] Moreover, the La x AlO y O 3 ͑x ϳ 1.04, y ϳ 0.96͒ 19 and LaYO ͑40% Y doping͒ 15 dielectrics have also revealed a high permittivity of 25-27. Besides, another important requirement for the analog capacitors is to achieve the goal of J/CV Ͻ 7 fA/pF V at a capacitance density of Ͼ5 fF/m 2 according to 2012 ITRS. 20 Therefore, in this work, we proposed TiO 2 -based dielectrics with the introductions of LaAlO 3 and LaYO for MIM capacitors. As for the capacitance characteristics, we measured the capacitance densities of 24 and 16.4 fF/m 2 with low leakage currents of 1.4 ϫ 10 −7 and 1.1 ϫ 10 −8 A/cm 2 at Ϫ1 V for the mixed TiO 2 -LaAlO ͑TLAO͒ and TiO 2 -LaYO ͑TLYO͒ capacitors, respectively. Besides, both LaYO and TLYO dielectrics showed low leakage current densities of 4.18 and 6.89 fA/pF V at Ϫ1 V, respectively, which met the 2012 ITRS target of J/CV ͑Ͻ7 fA/pF V͒.
Experimental
The mixed TLAO, TLYO, and LaYO MIM capacitors were fabricated on standard Si wafers. To permit very-large-scale integration backend integration, the process began by depositing a 2 m thick SiO 2 isolation layer on the Si substrates. Then, 50 nm TaN was deposited on a 200 nm Ta layer by sputtering and used as the lower capacitor electrode. The TaN surface was then given a plasma treatment to increase the oxidation resistance 21 before the high-deposition and postdeposition annealing ͑PDA͒. The 15 nm thick Ti 2 La 0.5 Al 0.5 O and Ti 2 La 0.5 Y 0.5 O were deposited by a cosputtering system with oxide targets of TiO 2 , LaAlO, and LaYO, followed by a 300-400°C PDA in an oxygen ambient for 20-30 min to reduce the defects and the leakage current. The compositions of films were measured roughly by inductively coupled plasma mass spectrometry. Here, we also examined the thickness effect of LaYO dielectric by using three thicknesses of 15, 25, and 30 nm. Finally, the 20 nm Ir and/or 50 nm TaN were deposited and patterned by a metal mask with a capacitor size of 180 ϫ 180 m. The fabricated devices were characterized by capacitance-voltage ͑C-V͒ and current density-voltage ͑J-V͒ measurements using an HP4284A precision LCR meter and an HP4156C semiconductor parameter analyzer, respectively.
Results and Discussion
In Fig. 1a and b, we show the C-V and J-V characteristics of the TLO and the TLAO MIM capacitors. A high capacitance density of 24 fF/m 2 at 100 kHz for the TLAO capacitor gives a low leakage current of 1.4 ϫ 10 −7 A/cm 2 at Ϫ1 V, which is close to that of the Ir/TLO/TaN capacitor with a slightly higher 24.5 fF/m 2 density. Because the work function of TaN ͑4.6 eV͒ is lower than Ir ͑5.27 eV͒ on TLAO dielectric, a larger leakage current of 4 ϫ 10 −7 A/cm 2 at Ϫ1 V for the TaN/TLAO/TaN capacitor is observed. Table I shows a comparison with other capacitors. Apparently, the measured leakage current at Ϫ1 V in the TaN/TLAO/TaN capacitor is 5 times lower than the value reported by Ir/TiTaO/TaN capacitor. This improved leakage current, at a comparable capacitance density, is due to the higher ⌬E C ͑ϳ2.3 eV͒ 16, 17 to lower the leakage current exponentially.
The voltage nonlinearity of MIM capacitors is an important index for rf/analog applications. The VCC-␣ characteristics can be obtained by fitting the measured C-V characteristics with a secondorder polynomial equation
Here C 0 is the capacitance at 0 V and VCC-␣ and VCC-␤ represent the quadratic and linear voltage coefficients of capacitance, respectively. Because the linear ␤ term can be compensated by circuit design, the quadratic ␣ is the main factor in the voltage dependence.
As shown in Fig. 2 , the VCC-␣ of 1852 ppm/V 2 for the TLAO capacitor is lower than that ͑ϳ2354 ppm/V 2 ͒ for the TLO capacitor at a close 24 fF/m 2 density. This implied that TLAO dielectrics have better control capability on the voltage nonlinearity than TLO dielectrics, which may be due to the additional doping of Al 2 O 3 . One well-known property of Al 2 O 3 as a dopant is to increase the trap energy of dielectrics. 22 Moreover, the deeper trap energy in LaAlO 3 than that in La 2 O 3 has been demonstrated. 23, 24 Therefore, the Al 2 O 3 doping may be helpful to improve the capacitance variation dependence of voltage and temperature.
To investigate the behavior of voltage nonlinearity in TLO and TLAO dielectrics further, we use the lately proposed model based on electrode polarization mechanism, which was successfully used to fit the experimental results of HfO 2 MIM capacitors. 25, 26 The model can be expressed as
where C m is the capacitance in the absence of electrode polarization, C m = 0 r A/t ox , A is the area of top electrode, t ox is the dielectric thickness, and n is an exponent introduced for a Jonscher response, which means the Debye response ͑ 2 2 ͒ is substituted by the Jonscher response ͑ 2n 2n , with 0 Ͻ n Ͻ 1͒. The parameters of AЈ and are equal to AЈ = 2t ox 
where parameter is the blocking parameter that accounts for the electrode transparency and L D = ͱ 0 k B T/Nq 2 is the Debye length, where N is the density of mobile charges. Finally, by approximating C Ϸ C m , 25 the relative variation of the capacitance can be expressed as
According to Eq. 1 and 2, the ⌬C/C 0 decreases with frequency ͑ −2n ,0 Ͻ n Ͻ 0.5͒ and increases with the leakage current ͑ 0 2n ͒.
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The capacitance at constant voltage as a function of frequency 
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Journal of The Electrochemical Society, 157 ͑8͒ H821-H824 ͑2010͒ H822 ͓ln ⌬C͑ f͒/C 0 ϳ ln f͔ is plotted in Fig. 3b . The two fitted slopes in Fig. 3a give the value of 2n, which is 0.145 and 0.12 for the TLO and TLAO dielectrics, respectively. The ⌬C/C 0 can be well fitted with an exponential distribution, which give the exponential factor nqEs/k B T, and the hopping distance ͑s͒ is calculated using the value of n. Therefore, the density of defects may be estimated from N Ϸ 1/s 3 . 18 After calculating N, the defects density at the test frequency of 100 kHz for TLAO MIM capacitors is 1 order of magnitude lower than for TLO MIM capacitors, suggesting that there may be deeper traps in the TLAO dielectric to influence C-V behavior on the frequency dispersion and the ⌬C/C 0 .
Recently, low temperature-processed MIM capacitors are useful in the integration of future-generation Ge-on-insulator 27, 28 and IIIV-on-insulator 29 technologies. Unfortunately, most high-dielectrics, as used for high density MIM capacitors, require a higher thermal budget to improve the film quality or enhance the dielectric constant by crystallization. 12 Here, we adopt a La-based ternary oxide, 40% Y doped LaYO, as a dielectric for MIM capacitors, processed by a low process temperature of 300°C for 30 min. The LaYO MIM capacitor with three thicknesses of 15, 25, and 30 nm was characterized by electrical measurements, as shown in Fig. 4a 
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Here K ϱ is the high frequency dielectric constant ͑=n 2 ͒, is 1 or 4 for Schottky emission or Poole-Frenkel conduction, respectively, and A ‫ء‬ is the effective Richardson constant ͑=120m ‫ء‬ /m e , m ‫ء‬ and m e are the effective electron mass in TiO 2 and in the free space, respectively͒. The fitting results display the Schottky barrier height ͑V b ͒ between Ir metal and LaYO film to be ϳ0.84 eV as determined from the J/T 2 -E 1/2 plot. To enhance the value further, we fabricated Ir/TLYO/TaN MIM capacitors with a higher-TiO 2 mixing and the obtained C-V and J-V characteristics are shown in Fig. 5a . A high capacitance density of 16.4 fF/m 2 at 100 kHz ͑ ϳ 29͒ with a low leakage current of 1.1 ϫ 10 −8 A/cm 2 at Ϫ1 V is achieved. The leakage current density of 6.89 fA/pF V to meet the goal of 2012 ITRS is much lower than that ͑ϳ18.3 fA/pF V͒ of Ni/TiZrO/TaN capacitors with a slightly 31 Therefore, although the work function of Ir electrode ͑5.27 eV͒ is slightly higher than Ni ͑5.1 eV͒, the improved leakage performance may be attributed to the higher ⌬E C . In Fig. 5b , the obtained VCC-␣ for the 16.4 fF/m 2 density TLYO capacitor is 1963 ppm/V 2 , which is also relatively lower than 3308 ppm/V 2 of the 18 fF/m 2 density TiZrO capacitor, as seen in Table I .
Finally, we plotted the Schottky barrier height ͑V b ͒ determined from the J/T 2 -E 1/2 plot in Fig. 6 . The V b values for TLAO, TLYO, and LaYO dielectrics are 0.74, 0.81, and 0.84 eV, respectively. The high barrier heights ͑Ͼ0.8 eV͒ for TLYO and LaYO dielectrics can explain their excellent leakage performance in this study. Thus, a low leakage current and a high capacitance density can be obtained in MIM capacitors by combining lanthanide-oxides mixed TiO 2 dielectrics with a high ⌬E C and high work function metal electrode.
Conclusion
A high capacitance density of 24 fF/m 2 and a low current density of J/CV Ͻ 7 fA/pF V at Ϫ1 V have been achieved by using lanthanide-oxides mixed TiO 2 dielectrics. The good performance is due to the high Schottky barrier height, originated from the higher band offset of lanthanide oxides and high work function electrodes. 
